1. Introduction {#sec1}
===============

Glutamate is the prime excitatory neurotransmitter associated with diverse physiological functions of the nervous system including neuronal development, plasticity, and motor functions as well as the cognitive functions of the brain [@bib1]. Physiologically, when the glutamate concentration in the brain increases, it leads to neurotoxicity due to the upsurge of intracellular reactive oxygen species (ROS) [@bib2], [@bib3], [@bib4], [@bib5]. The ROS production is primarily implicated in neuronal cell death of many acute brain injury and chronic neurodegenerative diseases such as Alzheimer\'s [@bib6], Parkinson\'s [@bib7], and Huntington\'s diseases [@bib8]. The ROS surge is mainly caused by the excess extracellular glutamate which impairs the cysteine/glutamate antiporter\'s ability to transport cysteine inside the cell, thus the intracellular antioxidant glutathione amount dwindles [@bib9], [@bib10], [@bib11], [@bib12]. Also, the depletion of glutathione accelerate various downstream of signaling pathways that leads to neuronal cell death through abnormal Ca^2+^ uptake and lipoxygenase-dependent lipid peroxidation [@bib11], [@bib13]. The aberrant Ca^2+^ flow inside the cell activates the calpain enzyme that truncates the proapoptotic Bid to tBid which activates apoptotic protein Bax [@bib14], [@bib15]. Further, the oxidative stress causes mitochondrial dysfunction, and it triggers the apoptosis-inducing factor (AIF) translocation to the nucleus which end up activating the caspase independent apoptotic pathway [@bib16], [@bib17]. AIF is flavoprotein with NADH oxidase activity and localized in mitochondria membrane. AIF translocated from mitochondria to nucleus when apoptosis is induced [@bib18], [@bib19].

The oxidative stress generation galvanize the molecular events downstream by triggering the phosphorylation of mitogen-activated protein kinases (MAPKs), the extracellular signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK), and p38 [@bib20]. MAPKs activation also associated with transcriptional induction of various apoptosis genes [@bib21]. And recent studies have shown that neuronal injuries caused by different cytokines, inflammation, or heat shock inducers trigger the JNK and p38 signaling pathways, and also the ERK signaling is sensitive to oxidative stress--mediated neuronal death [@bib22], [@bib23]. Therefore, suppression of the MAPKs activation by glutamate-induced oxidative stress represents an interesting strategy for the prevention and treatment of neurodegenerative diseases.

Ginsenosides are steroid-like saponins, the major active compounds of ginseng that are typically recovered from the Korean medicinal herb *Panax ginseng* roots. Ginsenosides are categorized into 20(S)-protopanaxadiols (Rb1, Rb2, Rc, Rd, and Rg3) and 20(S)-protopanaxtriols (Re and Rg1) based on their aglycone moieties [@bib24], [@bib25], [@bib26]. Ginseng extracts reportedly possess abundant antioxidant potentials and exhibit significant neuroprotective effects under different neuropathological conditions. Among the ginsenosides, Rb1 [@bib27], [@bib28], Rg1 [@bib29], Rd [@bib30], and Rg3 [@bib31] are known for their neuroprotective effect in ischemic brain injury, acute ischemic stroke, and cerebral ischemia in rats [@bib32]. However, there is no report about the potential neuroprotective properties of ginsenoside Rb2 and other ginsenosides in a cell-based assay. In this study, we have compared the neuroprotective effects of ginsenosides, Rb1, Rb2, Rc, Rd, Rg1, and Rg3 in a cell-based assay and examined activity of ginsenoside Rb2 against glutamate-induced neurotoxicity and its underlying mechanisms. Further we have assessed the *in vivo* efficacy of Rb2 in an animal model of ischemic brain injury.

2. Materials and methods {#sec2}
========================

2.1. Chemicals and reagents {#sec2.1}
---------------------------

Ginsenosides were bought from a commercial source (Ambo Institute, Seoul, South Korea) and used without further purification. The purity of each ginsenosides is as follows: ginsenoside Rb1: 98.26%, ginsenoside Rb2: 99.33%, ginsenoside Rc: 99.00%, ginsenoside Rd: 99.39%, ginsenoside Rg1: 100%, and ginsenoside 20(S)-Rg3: 98.0%. An 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent was obtained from Dail Lab Service Co. (Seoul, South Korea). 2′,7′-dichlorodihydrofluorescein diacetate (H~2~DCFDA) fluorescent probe used for ROS measurement was bought from ThermoFisher (Waltham, MA, USA). Fluo-3 Calcium indicator was purchased from ThermoFisher (Waltham, MA, USA).

2.2. Cells culture {#sec2.2}
------------------

HT22 mouse hippocampal neuronal cells were cultured to test the neuroprotective effects of ginsenosides against glutamate-mediated neuronal cell toxicity using previous procedure [@bib33]. HT22 cells were bought from the Korean Cell Line Bank (Seoul, South Korea) and grown in Dulbecco's Modified Eagle's Medium (DMEM) (Hyclone Co.) mixed with 10% fetal bovine serum (Gibco Co.), 1% penicillin/streptomycin, and 4 mM L-glutamine using an incubator with 5% CO~2~ at 37 °C [@bib33].

2.3. MTT assay {#sec2.3}
--------------

Cultured HT22 cells were added in 96-well plates at a density of 4 × 10^3^ cells/well and grown for 24 h. Ginsenoside were dissolved and serially diluted with dimethyl sulfoxide (DMSO). Ginsenosides with various concentrations or control (0.5% of dimethyl sulfoxide) were added to cells using liquid handling station equipped with pintool system. After incubating for 2 h, glutamate (5 mM) was treated and further incubated for 16 h. Then, cells were treated with 10 μL of MTT reagent per well and incubated for 1hr. Absorbance was measured by a plate reader (Filtermax F5, Molecular Devices, San Jose, CA, USA) at 450 nm for the determination of cell viability

2.4. Live and dead assay {#sec2.4}
------------------------

Cultured HT22 cells were added in 96-well black/clear bottom plates at a density 4 × 10^3^ cells/well and grown for 24 h. The indicated concentration of Rb2 or control (0.5% of dimethyl sulfoxide) were added to 96-well plate. After incubating for 2 h, HT22 cells were treated with glutamate (5 mM) and incubated for 16 h. After incubation, cells were washed with phosphate-buffered saline (PBS) and treated with 1 μΜ of calcein AM and 1μg/mL of propidium iodide per well. Image of cells were measured using operetta high content image system (Perkin Elmer, Waltham, MA, USA)

2.5. Image analysis of 2′,7′-dichlorodihydrofluorescein diacetate of HT22 cells {#sec2.5}
-------------------------------------------------------------------------------

HT22 cells (4 × 10^3^ cells/well) were added in 96-well black/clear bottom plates and grown at 37^°^C, 5% CO~2~ incubator for 24 hr. The indicated concentration of Rb2 was added to 96 well plate, and 0.5% of dimethyl sulfoxide was used for control. After 2 h incubation, the HT22 cells were treated with glutamate (5 mM) and incubated for 8 h. After incubation, cells were treated with 2′,7′-dichlorodihydrofluorescein diacetate (10 μM) for staining. After 30 min, PBS (50 μL, 2 × ) was added for washing and cells were analyzed by operetta image analysis system.

2.6. Immunoblotting analysis {#sec2.6}
----------------------------

60 mm dishes were used for HT22 cells (2 × 10^5^ cells) culture. Rb2 (2.85 μM and 25.7 μM) was treated to cells and incubation continued for 16 h. Cells were homogenized in ice-cold radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.5% NP-40, 4 mM ethylenediaminetetraacetic acid (EDTA), 0.1% SDS, 0.5% sodium deoxycholate, and protease inhibitor cocktail). Protein concentrations in the lysate supernatants were measured using Bradford reagent (Bio-Rad, USA). Equal amount of protein (20 μg,) were loaded by sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto polyvinylidene difluoride (PVDF) membranes. Membranes were treated with primary antibodies (p38MAPK, phosphor-p38, p44/42 kinase (ERK), phospho-p44/42 (p-ERK), cleaved caspase-3, caspase-3, JNK, p-JNK, Bax, Bcl-2, GAPDH) and followed by secondary antirabbit antibodies conjugated with peroxidase (Cell Signal Technology, Boston, MA, USA). The image was acquired using chemiluminescence and analyzed with ChemiDoc XRS system (BioRad, Hercules, CA, USA).

2.7. Fluorescence cytometry analysis {#sec2.7}
------------------------------------

HT22 cells (2 × 10^5^ cells) cultured in 60 mm dishes were cotreated with 5 mM of glutamate and Rb2 (2.85 μM and 25.7 μM) for 16 h. Cells were harvested and treated with PI/annexin V for staining. Live and dead cells were determined by fluorescence cytometry (FACS) (BD Bioscience FACS Verse).

2.8. In-vivo efficacy test of ginsenoside Rb2 {#sec2.8}
---------------------------------------------

### 2.8.1. Rb2 pre-treatment {#sec2.8.1}

Male Mongolian gerbils (aged 6 months and 60-70g) were used for this study. The neuroprotective effect of Rb2 was examined by using a 2-VO gerbil model. The treatment protocol was permitted from the Animal Committee at Gangneung-Wonju National University. Mongolian gerbils were categorized as follows (*n* = 7, per group): (1) sham-operated gerbils (sham group), (2) vehicle-treated ischemia gerbils (vehicle group), and (3) Rb2 (10 mg/kg) treated ischemia gerbils (Rb2 group) [@bib34]. Rb2 was mixed in vehicle (ethanol:tween 80:saline = 1:1:8). Before the surgery, vehicle or Rb2 was intraperitoneally injected (i.p.) using a 29-gauge syringe once per day for 3 days.

### 2.8.2. Transient cerebral ischemia induction {#sec2.8.2}

The Mongolian gerbils were operated after inhalation anesthesia with 2.5% isoflurane (Baxtor, Deerfield, IL) in 32.2% oxygen and 65.3% nitrogen. After complete anesthesia, carotid arteries were blocked by nontraumatic aneurysm clips for 5 minutes. During the ischemic surgery, the body temperature was maintained at 37 ± 0.5°C using a rectal temperature probe and thermometric blanket (TR-100; Fine Science Tools, Foster City, CA). After the ischemic surgery, the Mongolian gerbils were put in the incubator until they were recovered. Sham-operated animals did not occlude the common carotid arteries, but other procedures proceeded in the same way.

### 2.8.3. Histology {#sec2.8.3}

Four days after ischemic surgery, the Mongolian gerbils (*n* = 7, per group) were treated with sodium pentobarbital (30 mg/kg, i.p.). 0.1 M PBS (pH 7.4) followed by 4% paraformaldehyde in 0.1 M phosphate-buffer (PB, pH 7.4) was perfused transcardially into Mongolian gerbils. The brains isolated from Mongolian gerbils were quickly fixed again with 4% paraformaldehyde for 6 h. The postfixed brains infiltrated with 30% sucrose overnight for cryoprotection. These brain tissue samples were continuously cut off 30 μm thickness using a cryostat (Leica, Germany).

### 2.8.4. Cresyl violet staining {#sec2.8.4}

To confirm the survival of pyramidal cells, the brain sections were treated with cresyl violet (CV) that has high affinity to Nissle body [@bib35]. The sections were attached to gelatin-coated slide glass and treated with 1.0% CV solution for 30 min. The stained tissues were washed with tap water and underwent a general dehydration process in serial ethanol jars. The dehydrated tissues were sealed with the permount (Sigma, USA).

### 2.8.5. Staining for Fluoro-Jade B {#sec2.8.5}

The brain tissues were stained with Fluoro-Jade B (F-J B) which has a high affinity for dead neuron [@bib36], [@bib37]. The sections attached on the gelatin-coated slide glass were incubated in a 1% sodium hydroxide solution, 80% ethanol for 5min, and hydrated in 70% ethanol-distilled water. The tissue slices were treated with a 0.06% potassium permanganate solution and shaking on a horizontal shaker for 10 min. The tissue samples were washed in distilled water and incubated in a 0.0001% F-J B (Histochem, Jefferson, AR, USA) working solution for 30 min. The stained-sections were rinsed in the distilled water and completely dried in the dry oven. The dried sections were sealed with DPX (Sigma, USA), and the image of tissue was observed by an epifluorescence microscope (AxioM1, Carl Zeiss, Göttingen, Germany) with 450--490 nm light.

### 2.8.6. Data analysis {#sec2.8.6}

Data were analyzed using the previous method [@bib38]. Ten sections were selected at intervals of 150 μm for quantitative analysis of CV positive or F-J B positive cells. The image of each section was captured by an AxioM1 light microscope (Carl Zeiss, Jena, Germany) attached with a digital camera (Axiocam 506, Carl Zeiss). In a 250 × 250 μm square at the center of striatum pyramidale in the CA1 region, CV^+^ or F-J B^+^ were counted by an image analyzing system (software: ImageJ, NIH, USA). The number of CV^+^ or F-J B^+^ cells were expressed as the average of total sections.

2.9. Statistic analysis {#sec2.9}
-----------------------

The Graph Pad Prism 6.0 software was used for the statistical analysis and making bar graphs. Statistical significance of the compound treatment groups was measured by one-way analysis of variance. For tissue imaging sample, statistical differences between the groups were verified by one-way analysis of variance followed by Duncan\'s *post hoc* test with SPSS software (SPSS, ver. 17.0, Inc., Chicago, IL, USA). The *p* values \< 0.05 were used to indicate a statistical significance.

3. Result and discussion {#sec3}
========================

In our study, we compared the neuroprotective capability of Rb1, Rb2, Rc, Rd, Rg1, and Rg3 (See [Fig. 1](#fig1){ref-type="fig"}) on glutamate-mediated neuronal toxicity in HT22 murine hippocampal neuronal cells. The 5 mM of glutamate has reduced the cell viability around 50% after 16 h treatment. Interestingly, the decrease in cell viability by glutamate was recovered by co-treatment with the ginsenosides. Treatment of Rc and Rd increased cell viability. However, effective concentration ranges of these ginsenoside Rc and Rd were relative narrow. Rg3 showed protective effects against glutamate-induced cell death at low concentration 2.85 μM. High concentration of Rg3 exhibited cytotoxic effects on neuronal cells [@bib39]. In particular, Rb1 and Rb2 exhibited the strongest protective effects in the cellular assay. Cell viability increased to more than 80% using Rb1 and Rb2 at a concentration range between 25.7 μM and 77.0 μM ([Fig. 2](#fig2){ref-type="fig"}). Specifically, the protective effect of Rb2 has not been previously reported; it was more pronounced than that of other ginsenosides. Using a different viability assay, HT22 cells were subjected to co-treatment with Rb2 and 5 mM of glutamate and loaded with membrane-permeable fluorescent probe calcein acetoxymethyl ester (calcein AM) to selectively stain live cells with green fluorescence ([Fig. 3](#fig3){ref-type="fig"}A). The counts of live cells were performed on images captured by fluorescence microscopy. The assay results indicated that Rb2 protected HT22 cells against glutamate-induced cytotoxicity at a concentration of 25.7 μM. Therefore, we decided to investigate the underlying molecular mechanism associated with the Rb2-mediated neuroprotection.Fig. 1The structure of ginsenoside derivatives Rb1, Rb2, Rc, Rd, Rg1, and Rg3.Fig. 1Fig. 2The comparison of neuroprotective effects of ginsenoside derivaitves ((A) Rb1, (B) Rb2, (C) Rc, (D) Rd, (E) Rg1, (F) 20(S)-Rg3) against glutamate-induced neurotoxicity in HT22 cells. 5 mM of glutamate treatment shows 50% of cell viability in HT22 cells. Ginsenoside Rb2 shows a potent neuroprotective effect against glutamate-induced cell death. ^∗∗∗^*p* \< 0.001, ^∗∗^*p* \< 0.01, ^∗^*p* \< 0.1 compared with glutamate-treated value.Fig. 2Fig. 3(A) Live and death assay identified that ginsenoside Rb2 shows neuroprotective in glutamate-induced HT22 cell death. Calcein AM--stained live and propidium iodide--stained death cells (Scale bars = 200 μm). (B) The treatment of 25.7 μM of ginsenoside Rb2 showed 80% neuroprotective effect to glutamate-induced cytotoxicity. ^∗∗∗^*p* \< 0.001, ^∗∗^*p* \< 0.01, ^∗^*p* \< 0.1 compared with glutamate-treated value. (C) Image analysis of a fluorescent calcium sensor (Scale bars = 200 μm). (D) 5 mM of glutamate treatment increased Ca^2+^ concentration in HT22 cells. 77 μM of Rb2 treatment decreased Ca^2+^ concentration in HT22 cells. \*\*\**p* \< 0.05. CTL, control.Fig. 3

To determine whether Rb2 affects glutamate-induced Ca^2+^ influx, calcium sensor Fluo-3 was monitored for the quantification of cellular Ca^2+^ concentration. The glutamate treatment increased cellular Ca^2+^ influx. After co-treatment with Rb2 and 5 mM of glutamate, the Ca^2+^ influx was reduced to half-fold ([Fig. 3](#fig3){ref-type="fig"}C and D).

As reported previously, glutamate treatment in HT22 cells shows signs of necrosis and apoptosis in a time-dependent manner [@bib40]. So, we used PI/annexin V staining to discriminate between apoptotic and necrotic cells. After 18 h of treatment with 5 mM of glutamate, we found that cell death is associated with necrosis (PI^+^/annexin V^−^) and apoptosis (PI^−^/annexin V^+^ to PI^+^/annexin V^+^). The glutamate treatment reduced the PI^−^/annexin V^−^ stained cell population to 68.19%. In the presence of Rb2, the PI^−^/annexin V^−^ stained cell population rose to 85.0%. Thus, the FACS data indicated that Rb2 exhibited potent neuroprotective effects against glutamate treatment ([Fig. 4](#fig4){ref-type="fig"}).Fig. 4Effect of ginsenoside Rb2 on glutamate-induced cell death. (A) Control. (B) The ratio of apoptotic or death cells was increased to 22.75% by the treatment of glutamate (5 mM). (C) and (D) The ratio of apoptotic or death cells was reduced to 13.71% by co-treatment of Rb2 (2.85 μM and 25.7 μM) and glutamate (5 mM).Fig. 4

We next examined whether Rb2 attenuate the glutamate-mediated intracellular ROS generation using the fluorescent reagent, 2′,7′-dichlorodihydrofluorescein diacetate. The previous report showed that cellular ROS is increased in 6 h after treatment of glutamate as compared with that of untreated cells [@bib41]. In our assay, we observed that 25.7 μΜ of Rb2 prevented intracellular ROS production after 8 h of glutamate treatment ([Fig. 5](#fig5){ref-type="fig"}).Fig. 5Effect of ginsenoside Rb2 on glutamate-induced reactive oxygen species. (A) Visualization of calcium sensing using DCFDH. (B) Mean average of fluorescent intensity of DCF positive cells. \*\*\**p* \< 0.05, Scale bars = 200 μm. DCFDH, 2′,7′-dichlorodihydrofluorescein diacetate; DCF, 2′,7′-dichlorodihydrofluorescein.Fig. 5

MAPKs including p38, ERK, and JNK fulfill crucial functions in apoptotic signal transduction [@bib42]. Accumulation of intracellular ROS promotes MAPK signaling, which indicates that ROS is involved in MAPKs activation [@bib43]. Therefore, glutamate-mediated oxidative stress cause neuronal cell death through MAPK activation. On the contrary, treatment with chemical inhibitors (SP600125; JNK inhibitor, SB202190; p38 inhibitor or U0126; MAPK/ERK kinase inhibitor) attenuates neuronal cell death [@bib40]. Thus, the inhibition of MAPKs activation represents a pharmacological target for neuronal cell protection. Therefore, we evaluated the effect of Rb2 on MAPKs proteins in HT22 cells. To determine the effect on the phosphorylation of MAPKs, HT22 cells were treated with 2.85 μM and 25.7 μM of Rb2 followed by glutamate 5 mM for 10 h. Western blot analysis showed that glutamate enhanced phosphorylation of MAPKs (ERK, JNK, and p38). However, co-treatment with Rb2 and glutamate significantly decreased MAPKs phosphorylation ([Fig. 6](#fig6){ref-type="fig"}A). Hence, we showed that Rb2 inhibited MAPKs activation, which may mediate the neuroprotection observed against glutamate-induced neurotoxicity in HT22 cells.Fig. 6Effect of ginsenoside Rb2 on MAPK, Bcl-2, Bax, and AIF expression in HT22 cells with glutamate-induced cell death. (A-C) Protein expression levels of p-JNK, JNK, p-ERK, ERK (p44/42 MAP kinase), p-p38, p38, Bcl-2, Bax, and AIF (apoptosis-inducing factor).Fig. 6MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase.

Bcl-2 protein family, the proapoptotic and antiapoptotic regulators are associated with glutamate mediated neuronal cell death [@bib44], [@bib45]. Glutamate treatment alters the ratio of Bcl-2 to Bax which is a significant factor for distinguishing between proapoptotic and antiapoptotic effects [@bib46], [@bib47]. Therefore, we studied these two protein levels in Rb2-treated samples through Western blot, and results show that the glutamate-treated cells increased the expression for proapoptotic Bax and decreased antiapoptotic Bcl-2. However, Rb2 treatment reversed the effects of glutamate ([Fig. 6](#fig6){ref-type="fig"}B).

Earlier studies reported that glutamate induces apoptosis via an AIF-dependent pathway [@bib48], [@bib49]. Therefore, we evaluated the effect of Rb2 on the translocation of AIF to the nucleus by western blot analysis. The data have demonstrated that the glutamate treatment has increased the AIF levels in the nucleus fraction, but the Rb2 co-treatment recovered and prevented the apoptosis induction by glutamate ([Fig. 6](#fig6){ref-type="fig"}C). Our observations indicated that Rb2 inhibited accumulation of AIF into the nucleus in the presence of glutamate 5 mM. Thus, reduction of nuclear AIF by Rb2 may also contribute to the neuronal cell death-preventing effect against AIF-dependent apoptosis in HT22 cells.

We further investigated the Rb2 neuroprotection efficacy in ischemic brain injury animal model using Mongolian gerbil. In the previous report, Rb1 is known to alleviate neuronal damage induced by ischemic injury in mice [@bib27], [@bib28], and Rg3, Rg1, and Rd function as neuroprotective agents against ischemic mouse brain injury model [@bib49]. The Rb2 was injected into Mongolian gerbils at a daily dose of 10 mg/kg of body weight for 3 days, and then the transient cerebral ischemia was induced. The brain tissues were collected and subjected to a histopathology analysis to distinguish the normal and degenerated neurons by CV and F-J B stains, respectively ([Fig. 7](#fig7){ref-type="fig"}). CV staining data show that in the control group, most CV^+^ cells were found in the striatum pyramidal of the hippocampus region but in the ischemic damage group, it has diminished significantly. Interestingly, the Rb2 treatment group has recovered the most CV^+^ cells in the striatum pyramidal of the CA1 region in hippocampus. This data clearly shows that the Rb2 protection of pyramidal neuronal cells from ischemic damage. In F-J B staining data reveals that ischemic damage dramatically increased the number of F-J B^+^ neurons in the stratum pyramidale of the hippocampal CA1 region ([Fig. 7](#fig7){ref-type="fig"}F). However, the treatment by Rb2 decreased the number of detectable F-J B^+^ neurons which suggests that Rb2 rescues the neurons from induced cerebral ischemic damage ([Fig. 7](#fig7){ref-type="fig"}I). Our results demonstrate that the Rb2 has significant *in vivo* neuroprotective efficacy.Fig. 7CV staining (A, B, D, E, G, and F) and F-J B (C, F and I) fluorescence of the sham, vehicle and Rb2 groups 4 days after transient cerebral ischemia. CV^+^ cells in the SP of the hippocampal CA1 region (black asterisks) are hardly observed in the vehicle group (E). In the Rb group, many CV^+^ cells were detected in the SP (white asterisk). In the vehicle group, many F-J B^+^ cells (arrows) were observed in the SP; however, a few F-J B^+^ cells are detected in the Rb2 group with CV. Scale bars = 500 μm (A, D, G), 100 μm (B, E, H,) 50 μm (C, F, I). (J) The number of CV^+^ and F-J B^+^ cells in the hippocampal CA1 region of the sham, vehicle and Rb2 groups. (*n* = 7 per group; \**p* \< 0.05, significantly different from the vehicle group). The bars indicate the means ± SEM. (A), (D), and (G) of scale bar = 500μm. (B), (E), and (H) of scale bar = 100μm. (C), (F), and (I) of scale bar = 50μm. CV, cresyl violet; F-J B, Fluoro-Jade B; SP, stratum pyramidale; CA, cornu ammonis; DG, dentate gyrus; SO, stratum oriens; SR, stratum radiatum.Fig. 7

In this study, we have analyzed the neuroprotective effect of six ginsenosides and found that Rb2 effectively improved the viability of HT22 cells against glutamate-induced neurotoxicity. The Rb2 treatment has efficiently reduced the glutamate mediated Ca^2+^ influx and intracellular ROS accumulation. Also, Rb2 has increased the antiapoptotic Bcl-2 and decreased pro-apoptotic Bax levels. In addition, it has suppressed the MAPKs (p38, ERK, and JNK) activation caused by glutamate-mediated oxidative stress and suppressed the AIF-mediated apoptotic cell death. We identified that Rb2 increase antioxidant response element (ARE) expression which is related to protection against cellular oxidative stress ([supplement figure 1S](#appsec1){ref-type="sec"}). Further, our study has showed that Rb2 has rescued the cells damaged by the ischemic brain injury and it evidently pronounces the *in vivo* neuroprotective efficacy of Rb2 in an animal model. Hence, our study suggests that, by conferring protection against glutamate-induced neuronal toxicity and ischemic brain injury, the Rb2 might have substantial therapeutic potential for various neuropathological conditions. Therefore, Rb2 may represent an interesting candidate for the development of a novel neuroprotective agent for various therapies.

We are currently performing experiments with structurally modified Rb2 derivatives to test them for improved neuroprotective effects.
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